Variations in terrestrial spectral irradiance on photovoltaic devices can be an important consideration in photovoltaic device design and performance. This paper describes three available atmospheric transmission models, MODTRAN, SMARTSZ, and SPCTWLZ. We describe the basics of their operation and performance, and applications in the photovoltaic community. Examples of model input and output data and comparisons between the model results for each under similar conditions are presented. The SMARTS2 model is shown to be much easier to use, as accurate as the complex MODTRAN model, and more accurate than the historical NREL SPCTRAU model.
INTRODUCTION
The atmosphere acts as a continuously variable filter affecting the solar radiation propagating to the ground. Atmospheric gases, aerosols and particles, water vapor and droplets (clouds), and various pollutants modify the distribution of solar energywith respect to wavelength. The resuit is a wide range of variation in the spectral distribution of natural sunlight. Spectral measurements in the fieid are expensive and labor intensive.
There are a wide variety of photovoltaic (PV) material combinations and systems with varying spectral response functions. The combination of the variability in natural spectral distributions and spectral response functions make designing, evaluating. and predicting the performance of PV devices in the real world challenging.
We briefly describe three models for generating spectral irradiance distributions for use in PV research, development, design, and deployment applications. We show the use of and issues associated with the models, and remark on their relevance to PV performance evaluation.
THE ATMOSPHERE AND SPECTRAL MODELS
Modeling radiative transfer through an absorbing, scattering; and emitting medium has a long history [I] . Research into physical and optical properties of the Earths atmosphere and their effect on the propagation of solar radiation has resulted in the definition of standard atmospheres. These include the United States Standard Atmosphere (USSA) of 1966, revised in 1976 [2] , and supplemental atmospheric models [3] . Similarly, a wide 0-7803-7471-1/02/%17.00 02002 IEEE variety of radiative transfer models of differing complexity have evolved.
One means of computing radiative transfer is Monte-Carlo modeling. Interactions of individual photons with the physical properties of the media are modeled using random processes. For accuracy, a large number of photons and iterative computations are needed at each wavelength. The BRiTE model of Blattner et al. [4] is an example.
Radiative [9] . 'Low' resolution corresponds to 20 wavenumbers (0.2 nm at 300 nm to 32 nm at 4000 nm), and "moderate" resolution corresponds to two wavenumbers (0.02 nm at 300 nm to 3 nm at 4000 nm).
These models can address complex scenarios. including clouds, fog, smoke, many choices of standard and user defined aerosol properties, atmospheric structure for up to 33 different layers, and extraterrestrial spectra. They are designed to compute atmospheric transmittance between two points on or above the Earth's surface. The many combinations of input parameters and their interaction require a great deal of understanding by the user. interpretation of the results is daunting. as well.
Simpler models are based on parameterizations of transmittance and absorption functions for basic atmospheric constituents. These usually are molecular, Rayliegh, ozone, water vapor, and aerosol transmittances. An extraterrestrial spectrum is modified by the product of transmittance coeflicients or functions, and the path length and geometry to produce the transmitted solar spectral distribution. Their spectral resolution is generally lower (on the order of nanometers) than that of complex models.
SPCTRAL2 Table 1 produce an approximation to the G159-98 direct normal spectrum. and Angstrom exponent (1.14).
SPCTRAL2 computes the spectral irradiance at irregularly spaced wavelengths, not identical to those in the G159-98 reference. Since BRlTE and SPCTRALZ are different models, SPCTRAU does not exactly reproduce the reference spectrum but only an approximation of it. Deviations from the reference direct spectrum are actually large in water vapor absorption bands (see Fig. 2 ).
Inputs for SMARTS2 to approximate the direct reference spectrum are shown in Table 2 . SMARTS2 is based on parameterizations of MODTRAN transmission functions, and results compare with MODTRAN spectral resuits to with f 2% [12] .
SMARTS2 version 2.9 permits the selection of 10 default atmospheric profiles or a user-specified profile; 8 default aerosol optical depth profiles or a user-specified profile; 36 spectral albedo files or a user-defined albedo file; and 6 concentration levels (including userdefined concentration of any or ail) of 10 pollutant gases such as nitrous oxide and carbon monoxide. A "card deck" of no more than 30 lines specifies the scenario conditions. Figure 1 is an image of the fifth MODTRAN4 input screen describing the geometry and wavelength parameters for the model.
MODTRAN4 generates a verbose output file (MODOUT1) and a terse spreadsheet compatible output file (MODOUTP), each is 3.0 ME to 3.5 MB in size. All computational results for every atmospheric layer and wavelength are saved in the verbose output. Only frequency (wavenumber) and radiance or irradiance data are saved in the terse file. The user must converl wavelength units from wavenumber to other units if desired. 
PARAMETRIC STUDIES
These models may be used to study the effects of various atmospheric conditions on terrestrial spectral irradiance. Figure 3 shows SMARTS2 direct normal irradiance for identical conditions at 0 km and 5 km. Figure  4 compares SMARTS2 direct normal spectra under 'light. and 'heavy" pollution conditions. SMARTS2 and MODTRAN allow pollutant concentrations to be varied by the user. Similar studies using SPCTRALZ could be approximated by manipulating aerosol optical depth alone, but spectral changes may not occur in the correct spectral regions.
Spectral mismatch computations are straightforward and much easier with the 1-nm step size and resolution of SMARTS2. Comparison with measured 0-7803-7471-1/02/$17.00 02002 IEEE data can be done using MODTRAN or SMARTS2 by using smoothing functions with passbands to match the passband of instrumentation.
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